With the advent of the LHC, it is important to devise clear tests for Physics Beyond the Standard Model. Such physics could manifest itself in the form of new charged bosons, whose presence is most naturally occurring in left-right symmetric models (LRSM). We analyze the single W R boson production in an asymmetric left-right model, where the left and right quark mixing matrices are not constrained to be equal. We investigate the cross sections as well as branching ratios of W R bosons at the LHC, including constraints from low energy phenomenology. We then look for most likely signals in pp → W R t → t (dijet) production. Including the background, we find that LHC could show significant signals for the new charged bosons. We compare our results throughout with the manifest left-right symmetric model and comment on similarities and differences.
I. INTRODUCTION
While the Standard Model (SM) has provided a compelling picture of low energy interactions, it has been plagued by theoretical inconsistencies. More recently, experimental deviations from the predictions of the model (such as signals of neutrino masses and mixing [1] ) have given further justification to building model of Physics Beyond the Standard Model.
Additionally, the experimental outlook on testing these scenarios looks very promising. LHC data is expected to provide ample material for analysis. When the data becomes available, it would be difficult to disentangle expectations for different models. The task of theorists is to provide viable scenarios for Physics Beyond the Standard Model and to predict the signals which distinguish them from the SM and from each other.
A large variety of models is available, all of which attempt to resolve some theoretical inconsistency of the SM. Of these, a particularly simple model is the Left Right Symmetric Model (LRSM) [2] . Originally introduced to resolve the parity and neutrino mass problems, it remains one of the simplest extensions of the SM, and it is a natural scenario for the seesaw mechanism [3] . The Higgs sector of the LRSM and its signals at accelerators have been thoroughly analyzed by theorists [4] , and experimentalists have been particularly keen to search for doubly charged Higgs bosons, predicted in most versions of the model [5] . Less attention has been paid to the vector boson sector. The LRSM extends the gauge group of the SM to SU(2) L × SU(2) R × U(1) B−L , and thus predicts the existence of two extra gauge bosons: a neutral Z R and a charged W R . While an extra neutral gauge boson Z ′ is predicted by several extensions of the SM, all containing an extra gauged U(1) symmetry group, a charged gauge boson would be a more likely indication of left right symmetry 1 .
Several other models predict the existence of extra W ′ bosons, such as extra dimensional models (both Randall Sundrum [6] and Universal Extra Dimensions model [7] ), Little Higgs models [8] and Composite Higgs models [9] . The W ′ predicted in these models have features which distinguish them from LRSM, which we will discuss after our analysis.
Production of extra charged vector bosons at colliders has received less interest than that of Z ′ , although one study exists for the Tevatron [10] . However, recently, papers have appeared which analyze chiral couplings of a W ′ at LHC and indicate how to disentangle left or right handed bosons [11] . In the present work, we follow a different procedure. Assuming the extra charged vector boson to come from a version of LRSM (and thus be right-handed),
we analyze the production mechanism, decay rates and possible signals at the LHC.
W R bosons are predicted to be heavy, of O(TeV) and thus the signal expected to be much below the W L production signal. But this is only the case if the quark mixing matrix in the right-handed sector (V R CKM ) is either identical, or equal up to a diagonal matrix, to the one in the left-handed sector (the usual Cabibbo-Kobayashi-Maskawa V L CKM )-the so called manifest and pseudo-manifest LRSM, respectively. We describe the distinctive features of these models in the next section. This does not have to be the case, as was discussed at length by Langacker and Sankar [12] , who allow right handed mixing matrices V R CKM with large off-diagonal elements. They perform a thorough investigation of the constraints on the mass of W R and its mixing with W L under these circumstances, and find out that the W R mass can be a lot lighter, M W R > 300 GeV [13] . In what follows, we refer to this model and its variants as the asymmetric left-right model.
In the age of LHC, there is another immediate advantage of the asymmetric left-right model: such a W R boson can be produced at rates larger by orders of magnitude than for models in which V R CKM = V L⋆ CKM K, where K is a diagonal phase matrix. One could see this by looking at the signal pp → W L,R t. This single-top production cross section is known to be important in identifying and distinguishing between different new physics models, as these can have different effects (s-channel or t-channel) on the production process [14] . The partonic cross section at LHC is dominated by qg, with q = d, s. However for W L production one must rely on the process gb → b → tW , and thus be disadvantaged by the small amount of b quarks in the proton; or rely on gd(s) → d(s) → tW , which is suppressed by the V on the W R mass, one can envisage that W R production could be observable, and if so, a clear distinguishing signal for LRSM. At the Tevatron, the production cross section is dominated at the partonic level by qq, with q = u, d, s, c. Even for a light W R boson, we would not expect any enhancements due to non-diagonal entries in the V R CKM , and the same is true for linear colliders.
The sensitivity of the Tevatron to W R searches has been thoroughly discussed in [10] .
Mass limits from the existing data depend on the ratio of the coupling constants for SU(2) R and SU(2) L , g R /g L , on the nature and mass of the right-handed neutrinos ν R , on the leptonic branching ratio for W R , on the form of the right-handed CKM matrix V R CKM . The most stringent experimental bounds from Tevatron searches are M W R ≥ 1 TeV, under very specific assumptions (looking for W R decays into an electron and a neutrino, for Standard Modellike couplings to fermions) [15] . As their assumptions would not apply for our model, we investigate the possible signals and mass bounds at the Tevatron in dijet production before proceeding with the LHC signal analysis.
The LHC thus presents a unique opportunity to observe such a W R boson. We propose to investigate this possibility in the present paper. In a previous paper [16] , we have laid the foundation of flavor-changing studies in left-right models by analyzing the most general restrictions on the parameter space of the model (
s mixings. For consistency, we include here these parameter space restrictions, as well as those coming from the Kaon physics.
We will proceed as follows. In Section II we will review the existing models and define the free parameters. We then briefly summarize the constraints on the W R mass and mixing coming from K and B meson phenomenology in Section III. We then investigate the production and decays of W R bosons at the LHC under different V R CKM parametrizations, and indicate which type can produce the most promising signals in Section IV. There we analyze the background and give an idea of the signals expected at LHC. We conclude and summarize our findings in Section VI.
II. LEFT-RIGHT SYMMETRIC MODELS
The idea of the original model was to construct a model based on SU(2) L ×SU(2) R ×U (1) whose Lagrangian was invariant under a discrete left-right symmetry [2] . This implied that the gauge couplings g L and g R were equal and the Yukawa couplings were also restricted.
Parity violation occurred through spontaneous symmetry breaking and provided different masses for W L and W R bosons 2 .
Then the idea of discrete left-right (LR) symmetry was explored, where LR symmetry was assumed broken at a higher scale than the SU(2) L × SU(2) R × U(1) breaking scale, which allows g L = g R . This led to manifest LR symmetric models [17] , where the CP violation is 2 These models run into difficulty because they predict sin 2 θ W too large and have problems with the baryon asymmetry and cosmological domain walls [12] . In pseudo-manifest LR symmetry both CP and P symmetries are spontaneously broken [18] , such that the Yukawa couplings are real. In that case the left and right handed quark mixings are related through V R CKM = V L⋆ CKM K, with K a diagonal phase matrix. Since in this model CP is spontaneously broken, this scenario shares the problems of the model invariant under discrete LR symmetry.
As problems seem to be consequences of requiring V L CKM = V R CKM , Langacker and Sankar have abandoned it in favor of a more general LR model [12] (which we call the asymmetric model, because mixings in the left and right handed quark sectors are not required to be the same, or related). The model was further analyzed in [19] , with emphasis on CP violation properties.
We summarize the left-right model below without assuming either manifest or pseudomanifest LR symmetry, and with no assumptions about coupling constants or neutrino masses. We allow a completely arbitrary right-handed quark mixing matrix V R CKM . We assume a generic left-right symmetric model based on the gauge group
The matter fields of this model consist of three families of quark and lepton fields with the following transformations under the gauge group: 1) where the numbers in the brackets represent the quantum numbers under
The Higgs sector consists of one bidoublet :
with vevs 
The vev for right-handed triplet Higgs boson < ∆ R >= v ∆ R can also produce a large M W R mass and generate a large Majorana neutrino mass.
Note that in general neither δ L nor ∆ L Higgs bosons are required, unless one imposes left-right symmetry on the theory. v ∆ L can generate a Majorana mass for the left handed neutrino, but must be very small (neutral current constraints). As we want to keep the model general, we keep both triplets and doublet representations.
The vector bosons of SU(2) R , W ± R and W 0 R mix with the SM vectors in the charged and neutral sectors, respectively. Here we are interested in the charged boson sector, as observation of a W R boson would be a clear signal for LR symmetry, so we present the masses and mixing for the charged states only. In general, W L and W R will mix to form mass eigenstates
with ξ a mixing angle and ω a CP violating phase [20] . If ξ is small, then W L and W R approximately coincide with W 1 and W 2 . The mass matrix for the charged bosons will be
The mass eigenvalues are 2.8) and the angles are
where M L and M R are the mass parameters associated with SU(2) L and SU(2) R groups,
where tan β = k k ′ . The charged right-handed bosons contribute to the charged current for the quarks, which 2.12) and similarly for the leptons, which are allowed to mix with different CKM-type matrices.
We adopt the Wolfenstein parametrization for the CKM matrix V
For the right-handed CKM matrix we allow arbitrary mixing between the second and third generations, or between the first and third generations. To simplify the notation, we drop the CKM subscript and, following [12] , denote the parametrizations as (A) and (B), where 14) with α an arbitrary angle (−π/2 ≤ α ≤ π/2). In parametrization (A), depending on the values of α, the dominant coupling could be V R ts while in (B), the dominant coupling could be V R td . These parametrizations are by no means the most general. The most general righthanded quark mixing matrix would be a CKM-type matrix, but with arbitrary entries. The (A) and (B) parametrizations are regions of the parameter space which allow relaxing the mass limit on W R , and obeying the restrictions on ∆m K without fine-tuning.
The form of the CKM matrix in the right-handed quark sector affects low energy phenomenology, in particular processes with flavor violation, and thus restricts the mass M W R and mixing angle ξ. Several studies for W R production [21] and mass constraints [22] exist in the literature, but most of them are based on either the manifest, or the pseudo-manifest LRSM. We calculate the production cross section and decays of the W R bosons in the LRSM with large off-diagonal entries in the V R CKM matrix, and express the results as functions of these parameters, and include constraints from both Kaon and B meson sectors. We confine ourselves to a general version of the model and make no specific assumptions about the nature and mass of the neutrinos. We summarize these constraints in the next section.
III. CONSTRAINTS ON LEFT-RIGHT SYMMETRIC MODELS FROM LOW ENERGY PHENOMENOLOGY
Before proceeding with the evaluation of the W R production and decays, we summarize briefly the constraints on the parameter space of the left-right model, mostly from flavor violating processes, which are relevant to the study of W R phenomenology.
Restrictions coming from Kaon physics have been analyzed by several authors. For the pseudo-manifest left-right symmetric model, evaluation of ∆M K and ǫ K restricts the righthanded charged boson mass, M W R > 1.8 TeV [23] , while in more recent analyses of the model, where parity or charge conjugation is chosen to be broken spontaneously, M W R > 2.5 TeV [24] . In the Langacker and Sankar parametrization, which we study here, the limit is much
GeV, respectively for the four parametrizations
, with both ± signs in the right CKM elements) [12] . [25] . The most comprehensive analysis of the constraints coming from B meson mixing and decays in the Langacker parametrization is presented in [26] . For more up-to-date constraints, including the recent data, see [16] .
Previous studies in left-right models originate from [27] , while other constraints are presented in [28] . The constraints on b → sγ were thoroughly analyzed within the asymmetric model studied here, as well as in the manifest model in [16] . There are less restrictive than
s . These constraints depend on several parameters and are difficult to summarize; however, they are included in the cross section plots.
IV. PRODUCTION AND DECAYS
In this section we investigate the single production cross section at LHC of a W ± R boson, pp → tW R , and decay branching ratios of the right-handed W boson in the scenarios in which the right-handed CKM matrix is V (2.14), and compare the results to those obtained in the manifest leftright symmetric model (MLRSM). In the MLRSM, the CKM matrices in the left-and right-handed quark sectors are the same, and so are the coupling constants for SU(2) L and SU(2) R . The only unknown parameter is the W R mass; while in U A and U B the production and decay rates are also functions of sin α, the right-handed CKM parameter, as well as the ratio g R /g L of SU(2) L and SU(2) R coupling constants. The dominant partonic level Feynman diagrams are shown in Figure 1 . The index i indicates that we sum over the three generations.
In Figure 2 , top row we present the single W R production cross section as a function of the W R mass (in the 400-2000 GeV range) for three values of sin α. The three panels correspond to three values allowed for g R /g L : 0.6, 0.8 and 1. When sin α is large, the In the bottom row of Figure 2 , we explore the dependence of the cross section in U A and U B on sin α for three values of M W R . The three panels again represent cross sections for g R /g L = 0.6, 0.8 and 1. Figure 2 shows that in the region of large sin α and low M W R we can expect large enhancements in the production cross section. For suitable choices of sin α and M W R (light W R mass and large sin α region), the cross section can reach 1 pb or more. The slight difference between U A and U B cross sections is attributed to the relative abundance of d over s quarks in the proton. In Figure 3 , we give a contour plot in the M W R − sin α parameter space, including constraints from b → sγ, B In Figure 4 we present the branching ratios of W R decays into quarks, and a representative one into W L h 0 (assuming this decay has the phase space required to proceed) in the asymmetric left-right model. In the top panels, we analyze the decay width into quarks, as a function of sin α, for both U A and U B scenarios. The left panel corresponds to M W R = 750
GeV, the right one to M W R = 1.5 TeV. It is possible to include both parametrizations in one plot because, between these two scenarios, the CKM matrix elements involving s and d quarks mixing with t quarks are switched, and although the masses of these quarks are not identical, it does not significantly impact on the branching ratios. While W
sin α do not depend on the coupling constant for SU(2) R (or g R /g L ), as it appears as an overall factor in both the partial decay width and total width formulae. 
V. SIGNAL AND BACKGROUND FOR W R PRODUCTION AT THE LHC
Before proceeding with the analysis of the W R production signal at the LHC, we consider the signal at the Tevatron, from pp → W R → dijet. The dijet data is already available from CDF Run II [29] , and the analysis shows no significant evidence for a narrow resonance.
This is used to put mass constraints on several beyond the SM particles, including the W ′ .
To compare the data with our model, we used CALCHEP software [30] and implemented the model into the software. To obtain the dijet spectrum we used the following detector cuts at √ s = 1.96 TeV: p T > 40 GeV, |y| < 1, |η| < 3.6 and R cone = 0.7 (jet cone angle). The parameters used to generate Figure 6 are
. The dijet process is dominated by s−channel contributions. From the figure we see that under these conditions, the W R signal falls below the CDF data and would not be observable at the Tevatron. Thus we cannot expect to extract meaningful mass bounds for W R , even for a relatively light gauge boson.
We then proceed with the investigation of the W R production signal at the LHC. We simply considered a single top production associated with a dijet through a W R exchange in both s-and t-channel processes as in Figure 6 . Assuming b-jets are tagged and further top decays are reconstructed, we selected only light quarks (u, c, d and s) in jets. In order to compare our signal with the background we accounted all the possible top + dijet processes in the SM final state. For the signal analysis we used again the implementaion of our model into the CALCHEP software [30] . We also introduced some basic detector cuts on the pseudorapidity (|η| < 2) and on the transverse energy (p T > 30GeV). We assume that in both our model and in the SM, the top quark will decay as predicted, and it can be reconstituted.
We have chosen W R decays to quarks, rather than leptons, because we wanted to avoid assumptions on the nature and masses of neutrinos. Also, jets can be easily identified and this decay mode does not involve any missing energy, making it easier to detect a W R resonance. We also restricted the decay products to jets (light quarks only) to avoid tt production. In the case of considering W R →td i , the SM background would be ttj and could be significant.
In Figure 7 and Figure 8 , we present W R production signal at 14 TeV with different CKM parametrizations and compare it with the SM background. We choose the binsize to be 20
GeV, and plot the differential cross section with respect to the invariant dijet mass M jj . It is clear that for all the parametrizations, the W R signal can be observed as a resonance in the dijet invariant mass distribution at the LHC and is quite distinguishable from the SM background. The diagrams for the SM background are very similar to the ones in Fig. 6 , W R replaced with W L as well as some other exchange diagrams. Signatures in U A and U B parametrizations are in the left and right columns of Figure 7 . In first two rows we kept The dominant production mode is in association with a top quark, and this has a large background from the single top production (in association with W L ) from the standard model. However looking at events in the 500-2000 GeV mass range for W R , we show that the SM background is always below the W R background, and we expect a significant peak above the SM background around the W R mass (assumed to be in the range considered).
Even with a luminosity of 10 fb −1 , achievable at the LHC within the next 3 years, we expect several events a year, while with L = 100 fb −1 , the events could reach 100 per year. We concentrate our analysis in the W R → dijet decay mode, where dijets are the light quarks u, d, s and c.
The cross section for the single W R production can reach 10 fb, including all parameter restrictions, and the dominant decay modes are to light quarks,ūd(s) being favored by the choice of parametrization, andcs(d) andtb by the restrictions on the right handed CKM.
Models which predict extra W ′ bosons all have features that distinguish them from W R bosons in LRSM. In warped extra-dimensional models [6] , the coupling of the extra charged gauge bosons to light quarks and leptons is suppressed relative to those in SM. By contrast, in LRM, the decays to leptons might be suppressed for heavy right-handed neutrinos, whereas W → jet jet has no missing energy so the signal can be reconstructed in full. The irreducible SM background from the electroweak process (single top production) is shown to be smaller than the signal inside the resonance region. Warped RS models need luminosities of L = 100 (1000) fb −1 for a W ′ to reach a statistically significant signal, and expected W ′ masses are in the 2-3 TeV region. Technicolor or composite Higgs [9] models are expected to give very similar signals, as the warped extra dimensional model is dual to the 4D strong dynamics involved in electroweak symmetry breaking. In the Little Higgs Models [8] , the heavy W H is left-handed and the partial width to each fermion species is almost the same (for massless fermions). In UED, the additional (KK) W and Z bosons expected to have masses in the 100-200 GeV region [7] , have their hadronic decays closed, so they decay democratically to all lepton (one KK and one ordinary) flavors.
A clear signal for a charged vector boson will be much more significant that one for a neutral Z ′ boson, as it would restrict the extension of the gauge sector. Our analysis is complementary to previous analyses which indicate how to find whether the extra charged 
